the asymmetry in double scattering at 90° will be reduced by a greater amount than the scattering. The values of A necessary to produce appreciable reduction, however, involve modifications of the atomic field at distances which seem impossibly large. Thus taking Aa0 =137 reduces the atomic field to half its value at a nuclear distance of 2*6 x 10-11 cm., while the field is appreciably modified at still larger distances. The spectra of the cool flames, or pre-ignition glows, of carbon monoxide with oxygen and with nitrous oxide have been photographed. The cool flame shows the same faintly banded spectrum as the normal flame, but? this band structure is more clearly developed. The OH bands are absent from the cool flame, which, however, shows strong sodium emission. Cuprous chloride appears very readily as an impurity and the band systems of CuCl show a markedly different intensity distribution in the cool flames with oxygen and with nitrous oxide. The application of the results to the theory of the combustion mechanism is briefly discussed.
problems has been discussed. It has been suggested that in the formation of normal carbon dioxide from normal carbon monoxide and oxygen an electronic rearrangement must occur at some stage, and that this will result in the newly formed molecules being initially endowed with considerable vibrational energy, the long life of which can account for the abnormal dissociation in the combustion products and the phenomenon known as afterburning.
It is known that a mixture of carbon monoxide and oxygen at a temperature just below the ignition point shows a 'cool flam e', or more correctly a pre-ignition glow. The existence of this luminescence at temperatures below which it could arise from thermal excitation supports (Gaydon 19426) the view that an electronic rearrangement must always take place during the combustion process. The con ditions for the occurrence of this cool flame have been described by Prettre & Laflitte (1929) and Topley (1930) , the colour being recorded respectively as rouge violace and violet. The spectrum of the cool flame does not appear to have been recorded hitherto. The normal flame of carbon monoxide is blue and the difference in colour would at first sight suggest a different spectrum. However, in the present series of experiments the colour usually appeared to the author to be blue. The description of the colour of a very weak glow is rather uncertain, and the red glow from the walls of the furnace and the admixture of some orange sodium coloration with the true colour of the cool flame could no doubt produce a violet effect, and the colour of the coo* flame obtained by the author was thus described on at least one occasion by Sir Alfred Egerton.
In addition to the examination of the spectrum of the cool flame of carbon monoxide reacting with oxygen, some observations have also been made on a cool flame of carbon monoxide with nitrous oxide, and on the effect of traces of cuprous chloride on the spectrum of these cool flames.
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The experimental set-up was of the simplest. It consisted of an electrically heated furnace with two inlets and an outlet. The gases, stored in cylinders, were led through flow-meters to the inlets at atmospheric pressure and mixed in the furnace and then passed along to the outlet at the other end. For the earlier experi ments the reaction vessel consisted of a mild steel tube with a platinum-rhodium thermocouple cemented in at one end, and a quartz window, held against the flat end of the steel tube by a collar, at the other end; this permitted the luminescence in the tube to be viewed end on. For later experiments in which it was desired to eliminate effects due to metal surfaces, an all quartz reaction vessel with a sealedon window was used, the thermocouple being dispensed with. The reaction vessels used were*of 1 cm. internal bore and from 20 to 30 cm. long.
The gas flow was of the order 100 c.c./min., and apart from a few brief visual observations it was found convenient to work with either fairly rich or fairly weak mixtures, usually CO: 02 = 4:1 or 1:4, as with anything approaching a theoretical mixture it was difficult to maintain the furnace temperature sufficiently constant over long periods to give a reasonably intense glow without risk of ignition; on one occasion the resulting explosion shattered the quartz reaction vessel, and on several occasions exposures were spoilt by the gases igniting.
Spectra were recorded on a small quartz spectrograph (Hilger E.3) and on a large aperture glass prism spectrograph giving a dispersion of about 50 A/mm. in the blue-green. With both instruments exposure times varied from f to 6 hr. according to slit width and intensity of the glow. A neon glow lamp containing some hydrogen and helium was used as a comparison spectrum, as, with the small dispersion and wide slit usually used, the iron arc spectrum was difficult to recognize.
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T h e cool f l a m e w it h o x y o e n Mixtures of carbon monoxide and oxygen showed a blue luminescence when passed through the furnace at a temperature of about 600° C. The glow appeared strongest along the axis of the reaction vessel and the volume within about 1 mm. of the walls appeared dark. In some of the later observations with the steel reaction vessel, after it had become slightly rusted, it was noted that specks of dust or rust sometimes glowed brightly, and in some cases became hot enough to cause ignition; this suggested that, in the steel vessel, surface catalysis was playing a part in the reaction.
The spectrum was successfully photographed on both the quartz and glass spectrographs. Spectrograms of both the normal and cool flames are reproduced in strips a to do f plate 3. It will be seen that the normal and cool flame are essentially similar, but with certain significant differences.
The normal flame shows a faintly banded spectrum on a relatively strong con tinuous background, being strongest in the blue and near ultra-violet. With the small dispersion and rather wide slit used in the present experiments, the banded structure does not show up very well in the normal flame. In the cool flame, how ever, using the same slit width and instrumental adjustments, the band structure is much more obvious. Strip b of the plate shows a fairly regular development of this band structure in the region 3200-3400 A, and strip d shows the greater clarity of the banded structure in the visible region. Thus the spectrum of the cool flame resembles more nearly that of the afterglow of carbon dioxide in a discharge tube (Fowler & Gaydon 1933) or the normal flame at reduced pressure. This sharpening of the band structure in the cool flame and in the flame at reduced pressure probably results from the lower rotational temperature of the molecules, the branches of the complex rotational structure being shorter so that the heads of the bands stand out more clearly against the general background of unresolved structure.
Another difference between the spectra of the cool and normal flames is the absence of the OH band at 3064 A from the former. This band is extremely per sistent in the spectrum of the normal flame and can only be eliminated by the most careful drying. Most of the work on the cool flame was done with moderately dry gases; no special drying was undertaken, but the gases were stored in cylinders at around 100 atm. pressure, so that the gases were presumably not more than 1 % saturated at room temperature. To confirm the absence of the OH band in the cool flame, very long exposures were given with gases deliberately saturated with moisture at room temperature, but no trace of the band was found. The absence of the OH band forms the subject of later discussion.
A third difference between the spectra of the normal and cool flames was the strong excitation of the sodium D lines in the cool flame. This is well shown in strips b and d of the plate. The sodium emission was initially so strong in the cool flame that it produced a yellow coloration of the whole flame, and it was only after the flame had been running for an hour or so that it dted down sufficiently for the blue colour to become predominant. It is clear that the strong excitation of the D lines at a temperature of around 600° C must be due to the atoms in some way taking up energy directly from the combustion process, and cannot be thermal in origin. This effect leads the author to doubt the reliability of the sodium-line reversal method of measuring flame temperatures, for which thermal excitation of the sodium must be assumed.
The strong excitation of the sodium resonance lines in the cool flame suggested that it might be possible to arrive at an estimate of the amount of energy available for the excitation by observing the resonance lines of other metals. Accordingly a little metallic cadmium, which boils at 767° C, was placed in the reaction vessel, and a long exposure was taken on the cool flame using special ultra-violet sensitive plates; no sign of the Cd resonance line at 2288 A was observed. Similarly, placing a little zinc-mercury amalgam in the tube failed to bring up either the Zn line 2138 A or Hg 2537 A. Under conditions in which the CuCl bands were strong (see later section) no sign of the Cu resonance lines at 3274 and 3248 A appeared. Negative evidence of this type is never very convincing as it is difficult to be sure that an adequate concentration of atomic vapour was present; it can merely be said that no positive evidence was obtained to indicate the existence in the reacting gases of any atom or molecule with a metastable electronic state of high energy.
Some of the plates taken seemed to indicate that the emission from the cool flame, relative to that from the normal flame, was rather stronger at the red end and less strong at the short wave-length end. This effect could not, however, be definitely confirmed owing to the chromatic aberration of the quartz condensing lens used to throw an image of the cool flame on to the slit of the spectrograph; with a relatively small source it was found that the strength of the spectrum in any region was markedly affected by the adjustment of this lens, it being only possible to focus the image of the cool flame accurately on to the slit for one wave length. The cool flame extended throughout the length of the reaction vessel, while the normal flame produced when the gases were allowed to ignite was situated at the far end of the tube. Nevertheless, it would not be surprising if at the lower temperature of the cool flame the vibrational intensity distribution was slightly modified in such a way as to strengthen the red and weaken the ultra violet part of the spectrum. The strengthening of the red end shown in strip d of the plate is on the original negative and is not accentuated by the process of enlarging, but may be due, at least in part, to the effect of the condensing lens.
T h e cool f l a m e w it h n it r o u s o x i d e It was found that the reaction between carbon monoxide and nitrous oxide below the ignition temperature was also accompanied by luminescence. As first obtained, using nitrous oxide of anaesthetic quality in a steel reaction vessel, the cool flame was green; the green colour was especially clear for mixtures rich in CO. The spectrum under these conditions showed a well-marked band system which was, thanks to a suggestion by Dr R. W. B. Pearse, quickly identified with copper chloride, CuCl. These bands are discussed in detail in the next section.
Using a quartz reaction vessel the CuCl bands were less troublesome, although they still occurred faintly on occasions, especially after an explosion in the tube had stirred up dust in the rubber connexions, etc. The spectrum of the pure CO-NaO cool flame was photographed on the quartz spectrograph and some visual observations were made with the large aperture instrument. Apart from the absence of the OH band there appeared to be little difference between the cool and the normal CO-NaO flame. It has recently (Gaydon 1942a) been pointed out that the normal C0-N2 0 flame differs slightly from the C0-02 flame in showing in addition to the blue faintly banded structure a continuous emission in the yellowgreen. This continuum in the yellow-green was probably also present in the spectrum of the cool flame, especially when the gases were just on the point of ignition, the cool flame changing from a bluish white to a more yellow shade as the temperature of the gases rose to the ignition point. The identification of a continuous emission is not easy owing to the absence of distinctive features for measurement, but the region of the spectrum and colour sensation produced by the emission of this continuum suggests a When obtained in the cool flame with oxygen, the intensity distribution of the CuCl bands is similar to that in the ordinary flame or the arc, system A being absent, and systems B and C weak compared to D and E. This is shown in strip g of the plate. The bands in the cool flame do not show the flutings as they do in the hot flame, and the (1,0) band of system D is rather less intense. This is presumably due to the lower vibrational temperature of the CuCl molecules in the cool flame. The effect is real, and not due to instrumental differences, as the plates were taken with the same slit widths and adjustments.
With the cool flame maintained by nitrous oxide (strip/, plate 4) there is a very marked difference in the intensity distribution among the CuCl systems. Systems B and C are now relatively stronger compared with D and E, and the (0, 0) and (0, 1) bands of system A occur strongly; the apparently greater strength of the (0, 1) band is chiefly due to the higher plate sen&xdvity in this region. In strip / these bands are well shown. The patch .of continuum at the red end is due to thermal emission from the walls of the furnace, but the marked strengthening of system A is not caused by this thermal emission; the results have been confirmed by visual observation. Also, the cool nitrous oxide flame containing CuCl is green in colour, while the cool flame with oxygen and CuCl is blue.
Carbon monoxide and cuprous chloride have a strong chemical affinity, and indeed a solution of cuprous chloride is the usual reagent for absorbing carbon monoxide. In solution a complex, probably CuC1.2H2O.CO, is formed. It seems probable to the author that some similar complex is formed in the gas phase and that this reacts more readily with oxygen or nitrous oxide than does carbon monoxide itself. The CuCl thus acts as a catalyst, and some of the heat of the reaction is unloaded on to the CuCl molecules to produce the emission spectrum of this molecule. Combustion with nitrous oxide should liberate more heat than combustion with oxygen, but it is clear, nevertheless, that the CuCl molecules are more highly excited by the reaction with 0 2 than with N 20 . This suggests that the reaction mechanism is not simple. It is well known that the blue flame produced by throwing salt (NaCl) on a coal fire shows CuCl bands; this may be another example of catalytic oxidation of carbon monoxide by cuprous chloride. The presence of cuprous chloride seems to suppress the sodium lines in the spectrum of the cooi flame. See strips / and g of plate 4.
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The emission of the normal carbon monoxide flame spectrum by reacting gases at a temperature of around 600° C strongly supports the view previously put forward that an electronic rearrangement of the C 02 molecules must occur following the initial combustion process.
There is not much evidence to suggest that any high energy of excitation is freely unloaded on to any atom or molecule with suitable energy levels which may be present. Thus, apart from the failure to excite spectra of Cd, Zn or Hg, certain other impurities such as FeO and FeCl should surely have been introduced by the walls of the steel tube more readily than CuCl, yet fail to show in the spectrum. In agreement with direct combustion experiments, it seems that carbon monoxide and oxygen, or nitrous oxide, are reluctant to react directly, but do so more readily in the presence of a catalyst. The intervention of the most minute amounts of CuCl has already been discussed. It has been shown by Magee & Ri (1941) that the reaction H + H 4-Na = H 2 + Na* occurs with fairly high efficiency when sodium is introduced into atomic hydrogen. It is possible that the excitation of the sodium lines in the cool flame is the result of a different but similar type of reaction.
One of the most significant differences between the spectrum of the cool and normal flames is the absence of the OH band from the former. Topley (1930) has shown that the reaction rate under cool flame conditions is approximately pro portional to the concentration of moisture, and he discusses the possibility of the reaction being maintained by a chain mechanism in which either H 2, H 20 2 or OH take part. The absence of the OH band indicates absence of electronically excited OH radicals in the cool flame, but not of course absence of unexcited OH. How ever, the absence of the band leads one to suspect that the catalytic action of water on the cool flame is not due to the maintenance of the usual water-gas equilibrium, but is more likely to be connected with the action of the H20 molecules in quickly setting free the vibrational energy stored in the newly formed C 02 molecules, and so assisting the thermal maintenance of the reaction.
In conclusion, it is a pleasure to thank Sir Alfred Egerton once again for his keen interest in the work. I am also much indebted to the Council of the Royal Society for financial assistance.
D escription of Plates 3, 4
Strips a and b are enlargements of spectra taken with the small quartz spectrograph using Ilford Process Panchromatic plates. Strips c to ga re glass instrument using Ilford Press Ortho (series 2) plates. 
